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Tomato yellow leaf curl virus (TYLCV) is a whitefly-transmitted geminivirus with a monopartite genome. We have investi-
gated the functions of the V1, V2, and C2 ORFs by mutational analysis. We analyzed the ability of TYLCV mutants containing
disrupted ORFs V1, V2, or C2 to replicate, spread, and cause symptoms in Nicotiana benthamiana and tomato plants. All
the mutants retained the capability of autonomous replication in protoplast-derived cells of tomato and leaf discs of N.
benthamiana, although both V1 and V2 gene products appeared to play a role in the accumulation of viral single-stranded
DNA. In contrast, none of the mutants was able to systemically infect tomato plants, demonstrating that the V1, V2, and
C2 gene products are all required for a successful infection process in this host. The effect of the mutation in ORF C2
appeared to be host-specific, since N. benthamiana plants were systemically infected, although symptom development was
attenuated. q 1997 Academic Press
INTRODUCTION lian isolate of tomato leaf curl virus (TLCV) (Dry et al.,
1993). Comparison of genome sequences has revealed
Tomato yellow leaf curl is one of the most devastating
an identical genetic organization, since these viruses all
viral diseases of cultivated tomato in the Mediterranean
encode six partially overlapping open reading frames
basin, in many subtropical African countries, and in Latin
(ORFs) that are organized bidirectionally (Fig. 1A). The
America (Czosnek et al., 1990). Its causative agent, to-
two virion-sense ORFs V1 and V2 are arranged in a fash-
mato yellow leaf curl virus (TYLCV), has been identified
ion resembling that of the leafhopper-transmitted gemi-
as a member of the geminivirus group of plant viruses
niviruses such as maize streak virus (MSV). V2 is as-
(Czosnek et al., 1988); it is characterized by twinned iso-
signed to encode the viral coat protein (CP). The arrange-
metric particles and a circular single-stranded DNA ge-
ment of the ORFs on the complementary strand is
nome that replicates in the nucleus of infected cells
identical to that of the typical whitefly-transmitted gemi-
through a double-stranded intermediate (for reviews see
nivirus DNA A: three ORFs (C1–C3) partially overlap, and
Stanley, 1991; Lazarowitz, 1992).
a small ORF (C4) is contained in the C1 gene. These
Because it is transmitted by the whitefly Bemisia tabaci
ORFs are separated by an intergenic region (IR) of about
(Gennadius) to dicotyledonous plants (Cohen and Nit-
300 nucleotides (nt) that contains key elements for the
zany, 1966), TYLCV belongs to the subgroup III of gemi- replication and transcription of the viral genome and that
niviruses (Francki et al., 1991). However, in contrast to is organized in a typical iterative structure (Arguello-
other members of this subgroup, such as tomato golden Astorga et al., 1994).
mosaic virus (TGMV) or African cassava mosaic virus Since the movement function of all bipartite geminivi-
(ACMV), whose genomes are composed of two similar- ruses is provided by the B component, uncovering the
sized DNA molecules termed A and B (Hamilton et al., mechanism used by the monopartite geminiviruses for
1983; Stanley, 1983), TYLCV (Sardinian isolate) has a systemic movement is a puzzling question. We have re-
monopartite genome (Kheyr-Pour et al., 1991). This fea- cently demonstrated that TYLCV ORF C4 mutants were
ture is shared by few other subgroup III geminiviruses, unable to systemically infect tomato plants (Jupin et al.,
such as other TYLCV isolates from the Mediterranean 1994), in contrast with analogous ACMV, TGMV, or TLCV
basin (Navot et al., 1991; Noris et al., 1994) or the Austra- mutants that were unaffected in their ability to spread
systemically (Elmer et al., 1988; Etessami et al., 1991;
1 These authors contributed equally to this work. Rigden et al., 1994, Pooma and Petty, 1996). In view of
2 Present address: Istituto di Fitovirologia Applicata, CNR, Strada the differences existing between TYLCV and other sub-
delle Cacce 73, 10135 Torino, Italy.
group III geminiviruses, a more comprehensive study has3 To whom correspondence and reprint requests should be ad-
been initiated with the aim of identifying genes and/ordressed at present address: Institut Jacques Monod, CNRS-Universite´
Paris 7, 2 place Jussieu, 75251 Paris Cedex 05, France. gene functions that are unique to TYLCV, particularly
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concerning the mechanism adopted for infection and infectious construct pBin19/TYLCV-S1.8, containing a
1.8-mer of the TYLCV genome in pBin19, has been de-spread. In this paper, we report the results of in vitro
site-directed mutagenesis of TYLCV ORFs V1, V2, and scribed (Kheyr-Pour et al., 1991). pBinTY-V1-1 and
pBinTY-V2 were constructed by a similar procedure us-C2, to determine which of these ORFs are required for
replication, viral DNA accumulation, and systemic infec- ing the mutant DNAs pTY-V1-1 and pTY-V2, respectively.
The SstI DNA fragments corresponding to pTY-C2 andtion of N. benthamiana and tomato plants.
pTY-V1-2 mutants were individually cloned as dimers in
pBin19 to produce clones pBinTY-C2 and pBinTY-V1-2METHODS
respectively. Binary vectors were introduced into Agro-
Construction of mutants bacterium tumefaciens strain LBA4404 as described by
Ho¨fgen and Willmitzer (1988). The resulting bacteria wereAll DNA manipulations were performed using standard
used to inoculate leaf discs of N. benthamiana by thetechniques (Ausubel et al., 1987; Sambrook et al., 1989).
method of Horsch et al. (1984). Two days after inocula-Nucleotide numbering is according to Kheyr-Pour et al.
tion, the discs were transferred onto medium containing(1991). To facilitate the description of constructs, the po-
cefotaxime (0.1 g/liter). Batches of leaf discs were har-sitions of relevant restriction endonuclease sites are indi-
vested 7 days after inoculation and screened either forcated in Fig. 1A. Construct pTY-Sst14 containing a mono-
the presence of viral DNAs by Southern blot analysis ormer of the DNA of TYLCV-Sar and its derivative pTYDKP
for the accumulation of viral coat protein by Western blotwere described previously (Kheyr-Pour et al., 1991; Jupin
analysis.et al., 1995).
The insertion mutants pTY-C2, pTY-V1-1, and pTY-V2
Maintenance and inoculation of plantswere derived from pTYDKP. The DNA was digested sep-
arately with BglII, BamHI, or SpeI and self-ligated after Agroinoculation of N. benthamiana and tomato L. escu-
filling in the protruding termini using DNA polymerase I lentum cv Monique plants with A. tumefaciens strains
(Klenow fragment). The addition of 4 bp at position 1523 harboring TYLCV-derived constructs was done as de-
in pTY-C2 caused a frameshift in the ORF C2 and created scribed previously (Kheyr-Pour et al., 1991).
a new ClaI site. In pTY-V1-1, the effect of adding 4 bp at
position 152 was to create a new ClaI site, along with a Isolation and characterization of viral DNA forms
frameshift in ORF V1. In pTY-V2, 4 additional bp were
The isolation of DNA from protoplasts, leaf discs andadded at position 748, thus introducing a stop codon
plants has been described (Jupin et al., 1994). The pres-TAG truncating the ORF V2. pTY-V1-2 was obtained by
ence of viral DNA was detected by Southern blottingsite-directed mutagenesis using single-stranded DNA
using radiolabeled TYLCV DNA as a specific probe. Tofrom pTYDKP (Kunkel, 1985). For this purpose, the oligo-
assay for the presence of single-stranded viral DNA,nucleotide AGTATATCACCGGTTCG was used. It intro-
Southern blotting was performed without alkaline treat-duces a C-to-T mutation (underlined) at position 324 of
ment of the gel prior to transfer. For all hybridizationthe viral strand and creates an AgeI restriction site, to-
experiments, the DNA from newly emerged leaves wasgether with a premature stop codon TGA. The mutant
used. The sequence of the viral DNA progeny was deter-DNA clones were digested with the appropriate enzymes
mined by PCR-amplification using specific oligonucleo-to confirm the presence of new restriction sites, and the
tides followed by sequencing of the PCR products.nucleotide sequences surrounding the mutation sites
were confirmed by the chain termination sequencing Antibodies and Western blots
method using T7 DNA polymerase on double-stranded
Antibodies against TYLCV-Sar capsid protein weretemplates with TYLCV-specific primers.
kindly provided by E. Luisoni (IFA, Torino, Italy) and were
raised against virus particles purified from TYLCV-in-Replication in tomato suspension cells
fected N. benthamiana plants (Luisoni et al., 1992). The
Protoplasts derived from a tomato suspension culture antiserum was cross-absorbed against freeze-dried N.
of Lycopersicon esculentum1 L. pennellii were obtained benthamiana TCA-precipitated total proteins before use.
as previously described (Jupin et al., 1994). Ten micro- Alternatively, antibodies raised against virus particles of
grams of the cloned viral DNA, linearized at the SstI an isolate of TYLCV from Jordan were also used (L.W.,
cloning site, was used for each transfection of 2.5 1 A.K.-P., and B.G., unpublished data). Proteins were ex-
105 protoplasts. Transfection and culture conditions were tracted from inoculated leaf discs according to Wu and
according to Jupin et al. (1994). Wang (1984). Samples representing approximately equal
amounts of protein were separated through 12.5% SDS–N. benthamiana leaf disc assay
polyacrylamide gels. After electrotransfer to nitrocellu-
lose, the membrane was incubated with the anti-TYLCVFor leaf disc inoculation, dimers or 1.8-mers were
cloned into the binary vector pBin 19 (Bevan, 1984). The antiserum and the blot was developed using alkaline
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FIG. 1. Genome organization of TYLCV DNA and position of the introduced mutations. (A) The position and orientation of the six ORFs are
indicated along with restriction sites used to create and to discriminate mutant clones. (B) Characteristics of the TYLCV mutants. The predicted
size of the potential mutated protein is given, together with the wild-type (wt) protein size.
phosphatase-conjugated secondary antibodies and NBT- In pTY-V2, a stop codon TAG was introduced by filling
in the SpeI restriction site, giving rise to a putative trun-BCIP (Sigma) as substrates. Alternatively, the proteins
were transferred on PVDF and the blot was revealed cated V2 protein of 149 amino acids.
using peroxidase-conjugated secondary antibodies and
Replication of TYLCV mutants in tomato suspensionenhanced luminol reagent (Du Pont NEN) as a substrate.
cells
The ability of the mutant TYLCV constructs to replicateRESULTS
autonomously was investigated by transfecting linear
Mutagenesis of the TYLCV genome in vitro
monomers of the viral DNA into tomato protoplasts ob-
To investigate the function of the C2, V1, and V2 gene tained from a suspension cell culture of L. esculentum
products, we constructed recombinant mutant TYLCV 1 L. pennellii. Six days posttransfection, total nucleic
clones with frameshift or point mutations (see Methods acids were isolated, and the presence of viral DNA was
and Fig. 1). analyzed by Southern blotting. Figure 2A shows that su-
A frameshift in ORF C2 was introduced between the percoiled and open circular double-stranded (ds) DNA
3* terminus of ORF C1 and the 5* terminus of ORF C3, forms of the mutant TYLCV DNAs accumulated during
so that neither of these overlapping ORFs would be af- protoplast culture. Since such forms do not accumulate
fected. The corresponding mutant TYLCV potentially pro- when nonreplicating constructs are transfected (Jupin et
duces a truncated polypeptide of 73 amino acids con- al., 1995), this shows that all the mutants tested retained
sisting of a 34-amino-acid N-terminal region identical to the ability to replicate efficiently in tomato cells.
the wild-type C2 protein fused to additional sequences Single-stranded (ss) DNA was sometimes difficult to
encoded by a shifted reading frame in TYLCV DNA. detect using standard conditions. To improve its detec-
In the case of ORF V1, two mutations were introduced. tion, we modified the Southern blotting procedure by
pTY-V1-1 was obtained by filling in the BamHI site at omitting alkaline treatment of the gel prior to blotting.
position 152, thus creating a frameshift in ORF V1. An 8- This allowed detection of ss DNA forms that were other-
amino-acid-long peptide containing the 3 first amino wise masked by fast-migrating ds species. Figure 2B
acids of V1 is potentially formed. This mutation does shows that pTY-C2 (lane 2) accumulated ssDNA at levels
not modify the sequence of ORF V2. However, since the similar to those of wild-type (lane 1). On the other hand,
expression strategy of these overlapping ORFs is not both V1 and V2 mutants (lanes 3 to 5) were unable to
yet clarified, the consequence of this mutation on the accumulate ssDNA to detectable levels. These results
expression of ORF V2 is unclear. In order to minimize a demonstrate that mutations in the V1 and V2 ORFs, al-
putative polar effect of the premature termination of the though not detrimental for replication, strongly affect the
ORF V1 on the expression of ORF V2, a stop codon was accumulation of viral ssDNA.
introduced in the ORF V1 downstream of the initiation
Infectivity of TYLCV mutants in N. benthamiana leafcodon of ORF V2 in the construct pTY-V1-2. This mutation
discstruncates the putative V1 protein after 59 amino acids
and does not alter the amino acid sequence of the over- Accumulation of TYLCV DNA replicative forms was
also studied in N. benthamiana leaf discs using con-lapping V2 protein.
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oped clearly visible symptoms. The symptoms were never-
theless much milder than those induced by the wild-type
virus. The plants displayed dark green crinkly leaves, but no
stunting, yellowing, or flower necrosis (data not shown). Total
DNA isolated from systemically infected leaves and sub-
jected to Southern blot analysis revealed that N. benthami-
ana plants inoculated with the C2 mutant contained the ex-
pected unit-length ds- and ssDNA forms (Fig. 4A, lanes 2 to
6). The amount of viral DNA varied from plant to plant but
in general, the C2 mutant replicated and spread to an extent
comparable to that of wild-type virus. Restriction endonucle-
ase digestion of DNA isolated from these plants using the
discriminative restriction enzymes BglII and ClaI showed that
this replicating viral DNA had not reverted to wild-type (data
not shown).
The plants inoculated with pBinTY-V1-1 showed no
visible symptoms. When the DNA of these plants was
FIG. 2. Replication of the TYLCV mutants in a single cell-based analyzed, a small amount of dsDNA (about 5% of a wild-
replication assay. DNA isolated 6 days after transfection from tomato type infection) but no ssDNA was detected (Fig. 4A, lanes
protoplast-derived cells inoculated with pTYDKP (lane 1), pTY-C2 (lane 7–11). All plants inoculated with this mutant behaved
2), pTY-V2 (lane 3), pTY-V1-1 (lane 4), and pTY-V1-2 (lane 5) was run
similarly. In contrast, plants infected by pBinTY-V1-2 dis-on an agarose gel and was analyzed by Southern blotting using a
played some heterogeneity. One month postinoculation,TYLCV-specific probe. DNA from a plant field-infected by TYLCV was
loaded in lane 6. In B, alkaline treatment of the gel prior to blotting 3 of the 10 inoculated plants displayed typical wild-type
was omitted and the exposure time of lanes 1 to 5 was about five symptoms while the others remained asymptomatic. This
times longer than that of lane 6 and A. The positions of open circular heterogeneity was also observed at the DNA level, since
(oc), linear (lin), supercoiled (sc) double-stranded DNA, and single-
the 3 plants with wild-type symptoms contained almoststranded DNA (ss) are indicated.
wild-type amounts and ratios of ss- and ds-viral DNA
forms (Fig. 4A, lanes 15, 18, and 20). On the other hand,
structs containing partially redundant copies of the mu- the plants that showed no symptoms contained low
tants in the binary vector pBin19 alongside control discs amounts of dsDNA and no detectable ssDNA (Fig. 4A),
inoculated with wild-type viral DNA. Figure 3 shows that as was observed with the V1-1 mutant. Two months post-
the C2 mutant (lane 5) produced the same ds and ssDNA inoculation, 7 of the inoculated plants displayed wild-
forms as wild-type viral DNA (lane 1). On the other hand, type symptoms and viral DNA contents (data not shown).
the amount of ssDNA appeared significantly reduced in
the V1 mutants (lanes 2 and 3) and was not detectable
in the V2 mutant (lane 4), although the levels of ds replica-
tive forms were comparable to those obtained upon wild-
type infection.
Infectivity of TYLCV mutants in N. benthamiana plants
In order to test the effect of the mutations on the behavior
of TYLCV in plants, N. benthamiana plants were infected by
agroinoculation (Grimsley et al., 1986) using the mutated
TYLCV genomes. Control plants inoculated with wild-type
viral DNA were included in every experiment. The plants
were scored for the appearance of symptoms and for the
presence of viral DNA using Southern blotting. Table 1 sum-
marizes the data obtained. Wild-type virus induced systemic
symptoms in N. benthamiana 3 to 4 weeks postinoculation.
The symptoms consisted of stunting, severe yellowing of
leaf borders, and necrosis of flower buds. Analysis of the
FIG. 3. Replication of the TYLCV mutants in N. benthamiana leafviral DNA present in these plants revealed a large amount of
discs. DNA isolated 7 days after inoculation of N. benthamiana leafreplicative ssDNA and supercoiled and open circular dsDNA
discs with pBin19/TYLCV-S1.8 (wild-type, lane 1), pBinTY-V1-1 (lane 2),
(Fig. 4A, lanes 1, 12, and 28). pBinTY-V1-2 (lane 3), pBinTY-V2 (lane 4), and pBinTY-C2 (lane 5) was
The TYLCV C2 mutant was highly infectious in N. ben- run on an agarose gel and was analyzed by Southern blotting using a
TYLCV-specific probe. DNA forms are designated as in Fig. 2.thamiana plants, since 95% of the inoculated plants devel-
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FIG. 4. Viral DNA in N. benthamiana and tomato plants agroinoculated with TYLCV mutants. Each lane corresponds to an individual plant and
contains approximately the same amount of DNA. DNA forms are designated as in Fig. 2. (A) Southern blot of DNA isolated from individual N.
benthamiana plants inoculated with pBinTY-C2 (lanes 2–6), pBinTY-V1-1 (lanes 7–11), pBinTY-V1-2 (lanes 13–22), pBinTY-V2 (lanes 23–27), and
pBin19/TYLCV-S1.8 (wild-type, lanes 1, 12, and 28). DNA extracted from plants showing wild-type symptoms referred to in the text is present in
lanes 15, 18, and 20. (B) Southern blot of DNA isolated from individual tomato plants inoculated with pBinTY-V1-1 (lanes 1 and 2) and pBin19/
TYLCV-S1.8 (wild-type, lane 3).
DNA extracted from 5 of these plants was PCR-amplified ent mutants are summarized in Table 1. The viral DNA
forms present in these plants 2 months after inoculationand the sequence around the mutation was determined.
In all cases the viral DNA sequence was identical to the were analyzed by Southern blotting. While the plants in-
oculated with wild-type virus contained typical ss- andwild-type sequence (data not shown), thus restoring the
ORF V1 integrity. dsDNA forms (Fig. 4B, lane 3), none of the plants inocu-
lated with pBinTY-C2, pBinTY-V1-2, or pBinTY-V2 con-The mutant in ORF V2 did not appear to be infectious
in N. benthamiana since none of the inoculated plants tained viral DNA forms (data not shown). Only after ex-
tended exposure of the Southern blot could traces ofdeveloped symptoms, nor could viral DNA forms be de-
tected (Fig. 4A, lanes 23 –27). viral dsDNA be observed in 2 of 22 plants inoculated
with pBinTY-V1-1 (Fig. 4B, lanes 1 and 2). The DNA from
Infectivity of the TYLCV mutants in tomato plants these plants was PCR-amplified, the sequence around
the mutation was determined, and the original mutationWhen the mutant TYLCV were inoculated to tomato
was found to be still present (data not shown).plants, no symptoms developed over a period of 3
months. Agroinoculation with wild-type TYLCV under the
Effect of the mutations on the accumulation of coat
same conditions led to 100% infection, with readily de-
protein
tectable symptoms within 2 to 3 weeks. Symptoms in-
cluded stunting with yellowing and severe upward curl- To determine whether the mutations were affecting the
expression of the CP gene, protein extracts from leafing of the young leaves. The data obtained with the differ-
TABLE 1
Infectivity of TYLCV Mutants
Infectivity in N. benthamiana Infectivity in tomato
Viral DNA content Viral DNA content
Symptomatic Symptomatic
Mutated ORF Inoculum plantsa dsDNA ssDNA plantsa dsDNA ssDNA
Wild-type pBin19/TYLCV-S1.8 6b/6 (3) 6 6 10/10 (5) 10 10
C2 pBinTY-C2 21c/22 (2) 21 21 0/24 (3) 0 0
V1 pBinTY-V1-1 0/10 (1) 10 0 0/22 (3) 2 0
V1 pBinTY-V1-2 3b/10 (1) 9 3 0/10 (1) 0 0
V2 pBinTY-V2 0/10 (1) 0 0 0/19 (3) 0 0
a Number of plants showing symptoms/number of inoculated plants (number of experiments).
b Severe symptoms.
c Mild symptoms.
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Experiments in protoplast-derived single cells of to-
mato and N. benthamiana leaf discs demonstrated that
disruption of ORF V2, which encodes the capsid protein,
was not deleterious for replication, although accumula-
tion of ssDNA forms was severely affected. A lack of, or
decrease in, the amount of ssDNA has been reported
in other mutational studies of geminiviruses where CP
expression had been disrupted (Boulton et al., 1993; Brid-
don et al., 1989; Etessami et al., 1989; Sunter et al., 1990;
Rigden et al., 1993). This phenomenon has been attrib-FIG. 5. Coat protein accumulation in infected N. benthamiana leaf
discs. Leaf disc proteins samples loaded on the basis of equivalent uted to the enhanced susceptibility of unencapsidated
amounts of proteins were analyzed on Western blots probed with anti- ssDNA to nuclease degradation. Alternatively, the accu-
TYLCV antibodies. Leaf discs were inoculated with pBin19/TYLCV-S1.8 mulation of CP may play a regulatory effect in the switch(wild-type, lanes 1 and 6), pBin19 (lanes 2 and 8), pBinTY-V1-1 (lane
from dsDNA to ssDNA synthesis occurring during rolling3), pBinTY-V1-2 (lane 4), pBinTY-V2 (lane 5), and pBinTY-C2 (lane 7).
circle replication, since packaging removes the ssDNAThe positions of the full-length (CP) or truncated (DCP) coat protein
and size markers in kDa are indicated. Lanes 1 to 5 were revealed using from the pool of replicative DNA.
alkaline phosphatase-conjugated secondary antibodies and NBT/BCIP The CP appeared to be required for systemic move-
as substrates, while lanes 6 to 8 were revealed using peroxidase- ment of TYLCV in the two hosts tested, N. benthamianaconjugated secondary antibodies and chemiluminescent luminol as
and tomato, a result consistent with those of mutationsubstrate. Therefore, the signal intensities cannot be directly compared.
analyses obtained with other monopartite geminiviruses
such as MSV, BCTV, and TLCV (Boulton et al., 1989;
discs of N. benthamiana agroinoculated with wild-type
Briddon et al., 1989; Rigden et al., 1993). This observation
and mutant viral genomes were probed on Western blots
extends to leafhopper-transmitted as well as whitefly-
with antibodies prepared against TYLCV virions. A poly-
transmitted geminiviruses, in spite of limited similarities
peptide of approximately 29 kDa was detected in wild-
between their CP sequences (Howarth and Vandemark,
type TYLCV-infected material (Fig. 5, lanes 1 and 6), a
1989), and probably reflects the need for these viruses
protein size that is in good agreement with the theoretical
to spread in the form of virus particles. In bipartite gemi-
molecular mass of the coat protein. Several other prod-
niviruses, participation of the CP in systemic movement
ucts were also detected by the antiserum, most likely
has recently been suggested (Pooma et al., 1996). The
corresponding to cross-reacting proteins since they were
requirement for the CP for efficient long-distance move-
also detected in leaf discs inoculated with pBin19 (lanes
ment may reflect its participation in vascular spread, as
2 and 8). The same TYLCV-specific polypeptide was de-
has been demonstrated for many plant viruses (for re-
tected in leaf discs inoculated with the V1 and C2 mu-
view, see Maule, 1991). This might ensure the availability
tants (lanes 3, 4, and 7), and a protein of approximately
of virions in the phloem for acquisition by insect vectors
17 kDa was detected in leaf discs infected by the V2
and be consistent with data suggesting that the CP plays
mutant (lane 5), consistent with the size expected for
an essential role in virus acquisition and/or transmission
the truncated V2 protein putatively synthesized by this
by insect vectors (Briddon et al., 1990; Azzam et al., 1994).
mutant. Although the amount of CP synthesized differed
We were concerned that the mutations introduced in
from one mutant to the other, we observed that none of
ORF V1 might affect the expression of the CP that is likely
the mutations prevented the synthesis of CP.
to be expressed from a polycistronic mRNA spanning the
V1 and V2 ORFs, possibly through internal initiation of
DISCUSSION
translation (Bendhamane et al., 1993). Therefore, ORF V1
was truncated either 133 nt upstream (mutant V1-1) orLittle is known about gene function in monopartite
geminiviruses belonging to subgroup III, such as TYLCV. 19 nt downstream (mutant V1-2) of the initiation codon
of ORF V2. Western blots indicated that the TYLCV CPHowever, gene function has been studied extensively in
other types of geminiviruses which share organization was produced and accumulated to detectable levels in
leaf discs inoculated with either wild-type or mutantand nucleotide sequence similarities with TYLCV. We
have undertaken a mutational analysis of TYLCV in an DNAs. Although some differences in the amount of CP
were observed, we consider it unlikely that they couldattempt to define similarities and differences between
this single component geminivirus and bipartite geminivi- alone account for the phenotype of the V1 mutants. The
fact that the V1 and V2 mutants displayed different DNAruses in functions essential for systemic spread and in-
fectivity. The investigation of the contribution of TYLCV accumulation patterns in leaf discs and different pheno-
types in plants is also in favor of this assumption. TheORFs to viral infectivity has revealed a number of unique
characteristics not previously observed for other sub- higher amount of truncated capsid protein encoded by
the TYLCV V2 mutant when compared to the full-lengthgroup III geminiviruses, which highlight differences be-
tween these viruses. CP that accumulated during wild-type infection was not
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observed when antibodies raised against a closely re- group II), mutations in the corresponding ORF V2 led to
an alteration of the ss/dsDNA ratio in protoplasts andlated TYLCV isolate were used (data not shown). There-
fore, whether the difference in protein accumulation de- leaf discs, to symptomless infections with reduced viral
DNA levels in N. benthamiana, and to a loss of the abilitytected in the V2 mutant reflects an underlying regulatory
process or is due to a different antigenicity between the to infect Beta vulgaris plants (Stanley et al., 1992; Hor-
muzdi and Bisaro, 1993). Although TYLCV V1 mutants didtruncated and the full-length CP requires some further
clarification. not greatly overproduce dsDNA, the similarity of pheno-
type between BCTV V2 and TYLCV V1 mutants may indi-When introduced into tomato protoplasts or N. ben-
thamiana leaf discs, the two V1 mutants were able to cate that the two corresponding gene products serve a
related function. Surprisingly, and contrasting with thereplicate, but accumulation of ssDNA was severely af-
fected. This altered ratio of viral DNA forms suggests data obtained in this study, disruption of the V1 gene in
the monopartite Australian isolate of TLCV (subgroup III)that the V1 protein may participate in the switch from
dsDNA to ssDNA synthesis. Alternatively, the V1 protein did not affect its ability to spread in tomato, although the
infection was asymptomatic and the DNA levels reducedmay participate in virus assembly, similarly to the phage
M13 gene 5 protein (Kornberg and Baker, 1992), whose (Rigden et al., 1993). Similar results were recently re-
ported concerning the bipartite Indian isolate of ToLCVrole is to interrupt synthesis of the duplex replicative
forms and to prepare the DNA for packaging in the virus (Padidam et al., 1996). This disparity may reflect different
behavior of the mutant in the tomato cultivar used or theparticle. Indeed, interaction between V1 and the CP has
already been suggested, in view of the concerted evolu- evolutionary divergence between these viruses.
Disruption of ORF C2 by a frameshift mutation did nottion of these two protein sequences following a geo-
graphical gradient of similarity (Kheyr-Pour et al., 1991), affect the ability of the virus to accumulate ssDNA and
dsDNA in protoplasts and leaf discs and to be highlyand the synergistic reduction in ssDNA levels of a TLCV
V1-V2 double mutant compared to single mutants (Rig- infectious in N. benthamiana plants. This observation
was surprising because mutants in the analogous ORFsden et al., 1993). This can be addressed by examining
the ability of TYLCV V1 mutants to produce stable virions. of TGMV and ACMV (termed AL2 and AC2, respectively)
were found to be defective in the accumulation of ssDNAWhen the V1-2 mutant was assayed in N. benthamiana
plants, some plants developed a wild-type infection 1 and unable to infect N. benthamiana systemically (Elmer
et al., 1988; Etessami et al., 1991). The finding that CPmonth after inoculation, contrasting with the absence of
symptoms and the reduced viral DNA accumulation ob- and movement gene expression of TGMV and ACMV are
transcriptionally trans-activated by their respective AL2served in the other plants. Determination of the sequence
of the viral progeny in plants displaying a wild-type phe- (AC2) protein (Sunter and Bisaro, 1991, 1992; Haley et al.,
1992) most likely accounts for the noninfectious nature ofnotype revealed that the introduced mutation had re-
verted to the wild-type sequence, thus restoring ORF V1. these mutants. Due to the high similarity between TYLCV
C2 and the corresponding proteins of other subgroup IIISuch reversions have been observed in other geminivi-
rus studies (Stanley et al., 1992; Jupin et al., 1994; Rigden viruses, and in view of the recent finding that TYLCV
C2 protein possesses DNA-binding activity (Noris et al.,et al., 1994). Apparently, disruption of ORF V1 leads to a
symptomless infection in N. benthamiana associated 1996), it was tempting to speculate that C2 may perform
a similar role of trans-activation of viral genes. However,with low levels of viral dsDNA and no detectable ssDNA.
In tomato, the inoculated plants neither developed symp- because the TYLCV C2 mutant accumulated ssDNA and
remained fully infectious in N. benthamiana, it is difficulttoms, nor did they accumulate viral DNA, with the excep-
tion of two plants that contained trace amounts of dsDNA. to reconcile this role with the impaired phenotypes of
the virion-sense ORF mutants. Furthermore, Western blotSince the mutants replicated efficiently in tomato proto-
plasts and N. benthamiana leaf discs, it is likely that the analyses showed that leaf discs inoculated with the C2
mutant contained a high level of CP. Therefore, there isproliferation of the V1 mutants is impaired at the level of
spread in these hosts. no evidence that the TYLCV C2 gene product regulates
virion-sense gene expression, unless this trans-activa-An ORF at a similar position to V1 is found in subgroup
I and II geminiviruses, as well as in all subgroup III gemi- tion occurs only in tomato. This would imply that the level
of constitutive expression of the virion-sense genes isniviruses belonging to the ‘‘Old World’’ phylogenetic and
geographic subdivision (Howarth and Vandemark, 1989). sufficiently high to maintain infection in certain permis-
sive hosts such as N. benthamiana. The evidence is con-In general, these ‘‘precoat’’ ORFs are not highly con-
served between the different geminivirus subgroups, and sistent with the idea that the C2 gene plays a role in
TYLCV pathogenesis, but that it may be different from thata comparison of the results of mutagenesis studies indi-
cates some differences in their functional roles. In MSV of the AL2 (AC2) gene of bipartite viruses. Interestingly, a
similar conclusion has been reached in the case of the(subgroup I), the V1 gene product was implicated in virus
spread (Boulton et al., 1989, 1993) and was localized in analogous BCTV C2 gene (Stanley et al., 1992; Hormuzdi
and Bisaro, 1995). The absence of infectivity of the C2plasmodesmata (Dickinson et al., 1996). In BCTV (sub-
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Boulton, M. I., Steinkellner, H., Donson, J., Markham, P. G., King, D. I.,mutant in tomato plants reveals a host-specific pheno-
and Davies, J. W. (1989). Mutational analysis of the virion-sensetype and strongly suggests a role for the C2 gene product
genes of maize streak virus. Virology 183, 114–121.
in systemic spread in tomato. Boulton, M. I., Pallaghy, C. K., Chatani, M., Mac Farlane, S., and Davies,
The movement of plant viruses from initial sites of J. W. (1993). Replication of maize streak virus mutants in maize proto-
plasts: Evidence for a movement protein. Virology 192, 85–93.infection to adjacent cells, and into the vascular system
Briddon, R. W., Watts, J., Markham, P. G., and Stanley, J. (1989). Thefor systemic spread, is mediated by virus-encoded pro-
coat protein of beet curly top virus is essential for infectivity. Virologyteins (reviewed in Maule, 1991). Since geminiviruses rep-
172, 628–633.
licate in the nucleus, they also face the challenge of Briddon, R. W., Pinner, M. S., Stanley, J., and Markham, P. G. (1990).
movement into and out of the nucleus in addition to Geminivirus coat protein gene replacement alters insect specificity.
Virology 177, 85–94.movement across cell boundaries. Bipartite geminivi-
Cohen, S., and Nitzany, F. E. (1966). Transmission and host range ofruses apparently solved this problem using the two DNA
tomato yellow leaf curl virus. Phytopathology 56, 1127–1131.B-encoded proteins, which coordinate nuclear and plas-
Czosnek, H., Ber, R., Antignus, Y., Cohen, S., Navot, N., and Zamir,
modesmatal movement (Noueiry et al., 1994), and pro- D. (1988). Isolation of tomato yellow leaf curl virus, a geminivirus.
mote long-distance movement with the dispensable con- Phytopathology 78, 508–512.
Czosnek, H., Navot, N., and Laterrot, H. (1990). Geographical distribu-tribution of the CP (Pooma et al., 1996). In monopartite
tion of the tomato yellow leaf curl virus. A first survey using a specificgeminiviruses, the absence of a component analogous
DNA probe. Phytopathol. Mediterr. 29, 1–6.to DNA B suggests that they have evolved a different
Dickinson, V. J., Halder, J., and Woolston, C. J. (1996) The product of
mechanism for movement and/or encode novel genes maize streak virus ORF V1 is associated with secondary plasmodes-
for this purpose. Interestingly, they seem to rely upon the mata and is first detected with the onset of viral lesions. Virology
220, 51–59.expression of a variable number of small-size (10–15
Dry, I. B., Rigden, J. E., Krake, L. R., Mullineaux, P. M., and Rezaian, M. A.kDa) gene products, in addition to the essential CP. For
(1993). Nucleotide sequence and genome organization of tomato leafinstance, MSV depends on the synthesis of the V1 protein
curl geminivirus. J. Gen. Virol. 74, 147–151.
(Boulton et al., 1993), while the expression of the viral- Elmer, J. S., Brand, L., Sunter, G., Gardiner, W. E., Bisaro, D. M., and
sense ORFs V2 and V3 is necessary in the case of BCTV Rogers, S. G. (1988). Genetic analysis of tomato golden mosaic virus
II. The product of AL1 coding sequence is required for replication.(Stanley et al., 1992; Hormuzdi and Bisaro, 1993). The
Nucleic Acids Res. 16, 7043–7060.situation appears even more complex for TYLCV, since
Etessami, P., Watts, J., and Stanley, J. (1989). Size reversion of Africanthree gene products (V1, C2, and C4) encoded by both
cassava mosaic virus coat protein gene deletion mutants during
the viral and the complementary-sense strands are re- infection of Nicotiana benthamiana. J. Gen. Virol. 70, 277–289.
quired for systemic movement in tomato. Whether the Etessami, P., Saunders, K., Watts, J., and Stanley, J. (1991). Mutational
analysis of complementary-sense genes of African cassava mosaicrole of these small proteins in viral movement is similar
virus DNA A. J. Gen. Virol. 72, 1005–1012.to that of the DNA B-encoded proteins remains to be
Francki, R. I. B., Fauquet, C. M., Knudson, D. L., and Brown, F. (1991).determined and awaits data on their cellular localization
Classification and nomenclature of viruses: 5th Report of the Interna-
and biochemical functions. tional Commitee on the Taxonomy of Viruses. Arch. Virol. Suppl. 2.
Grimsley, N., Hohn, B., Hohn, T., and Walden, R. (1986). Agroinfection,
an alternative route for viral infection of plants by using the Ti plas-ACKNOWLEDGMENTS
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